The development of accurate predictive engine simulations requires experimental data to both inform and validate the models, but very limited information is presently available about the chemical structure of high pressure spray flames under enginerelevant conditions. Probing such flames for chemical information using nonintrusive optical methods or intrusive sampling techniques, however, is challenging because of the physical and optical harshness of the environment. This work details two new diagnostics that have been developed and deployed to obtain quantitative species concentrations and soot volume fractions from a high-pressure combusting spray. A high-speed, high-pressure sampling system was developed to extract gaseous species (including soot precursor species) from within the flame for offline analysis by time-of-flight mass spectrometry. A high-speed multi-wavelength optical extinction diagnostic was also developed to quantify transient and quasi-steady soot processes. High-pressure sampling and offline characterization of gas-phase species formed following the pre-burn event was accomplished as well as characterization of gas-phase species present in the lift-off region of a high-pressure n-dodecane spray flame. For the initial samples discussed in this work several species were identified, including polycyclic aromatic hydrocarbons (PAH); however, quantitative mole fractions were not determined. Nevertheless, the diagnostic developed here does have this capability. Quantitative, time-resolved measurements of soot extinction were also accomplished and the novel use of multiple incident wavelengths proved valuable toward characterizing changes in soot optical properties within different regions of the spray flame.
Particulate matter (PM) (mainly soot) emissions are of particular concern in direct-injection (DI) diesel engines. More stringent PM emissions standards for diesel engines have led to the use of additional exhaust after-treatment such as diesel particulate filters, which increase the cost of diesel engine production while negatively impacting fuel economy. A more economical approach to reducing soot emissions from DI diesel engines lies in the development of combustion strategies to reduce or eliminate soot in-cylinder. The successful development of such strategies, by experimental or computational means, can benefit from quantitative measurements of gasphase soot precursor species and time-resolved, quantified measurements of soot volume fraction (f v ) in high-pressure spray flames as a function of the available operational parameters.
The present work leverages the physical and optical access available in a pre-burn spray vessel [1], which simulates the thermodynamic conditions of modern diesel engines, to develop and apply sampling and optical diagnostics for the characterization of pre-burn reactant and product gases, gas-phase species within the lift-off region, and the temporal evolution of soot formation in n-dodecane spray flames. Prior to the present work, measurements of the minor gas-phase species following the pre-burn event have not been made. Nesbitt et al. [2] simulated the formation of minor species to investigate the effects of nitric oxides (NO, NO 2 ) and OH on nheptane ignition delay times. In that work, NO was the most abundant of the three minor species discussed, but remained below equilibrium values due to the relatively low peak temperatures achieved during the pre-burn event. Higher concentrations of these species also resulted in shorter ignition delay times, with NO showing the most influence; however, these effects are small relative to the effect of changing the oxygen concentration by exhaust gas recirculation (EGR). In the present work, the pre-burn products are sampled and investigated in an off-line time-of-flight mass spectrometer (ToF-MS) to determine which minor species can be identified and potentially quantified. Further, gas-phase species are also extracted from the lift-off region of an n-dodecane spray flame for identification and quantification where possible. Planar laserinduced fluorescence (PLIF) measurements using an excitation wavelength of 355 nm have demonstrated that polycyclic aromatic hydrocarbons (PAH), which are believed to be precursors to soot particles, are formed downstream of the spray flame lift-off length (H) [3, 4] . In general, excitation with 355-nm radiation is only effective for producing fluorescence in condensed aromatic species having three or more rings. Consequently, higher energy (shorter wavelength) lasers are needed to investigate the formation of the first aromatic ring (e.g., benzene or toluene) [5] . LIF measurements can typically only provide a qualitative assessment of the PAH present in the spray flame. This is because PAH have broad fluorescence emission spectra and many species have spectra that overlap. Consequently, even species identification is formidable if not impossible. The present work addresses the need to identify soot precursor species within the lift-off region of a high-pressure n-dodecane spray flame. Such measurements are the first of this kind.
The extensive optical access of the pre-burn spray vessel also permits the development and application of a novel high-speed, quantitative soot diagnostic. In optical engines and highpressure spray rigs, laser extinction (LE) and laser-induced incandescence (LII) represent the most common in-situ optical diagnostics used to measure f v in flames. In some cases, laser scattering measurements have been coupled to LE measurements to obtain additional information about primary particles and aggregates [6] . While single-color LE measurements alone can only provide information about f v , LII measurements in conjunction with an accurate physical model can yield information about f v and primary particle size. In both cases, knowledge of the particles' optical properties (i.e., refractive index) is required. The uncertainty in the refractive index of soot is well-documented and is generally accepted to be large [7] . The vast majority of LE and LII measurements have been made at atmospheric pressure and under steady, laminar flame conditions. Prior studies in the Sandia pre-burn spray vessel have used 2-D planar LII in conjunction with path-averaged LE to obtain quantitative f v measurements during the quasi-steady period of spray combustion at pressures and temperatures relevant to diesel engines [8] . Because the duration of the injection and combustion event for these studies is less than 10 milliseconds, the 10 Hz Nd:YAG lasers commonly used for LII provide only a single image per injection, but no information about the temporal evolution of soot during a single injection event. This drawback may be avoided by using high-power burst lasers for high repetition-rate LII [9] ; however, this technology is still under development and we anticipate that cost will prohibit the widespread use of such systems in the near-term. Another weakness of 2-D planar LII is exposed when soot concentrations are high enough to cause significant laser attenuation. As an example, for an optical thickness (KL) of 1, less than 40% of the original laser energy is transmitted to soot particles later in the laser path. At KL = 2, almost 90% of the laser energy has been absorbed. In atmospheric pressure flames, laser fluences (laser energy per unit area) greater than ~ 0.2 J/cm 2 (for 532 nm light) heat soot particles to their sublimation temperature and the LII signal is relatively insensitive to laser fluence variations [10] . For this reason, LII experiments seeking quantitative measurements of soot volume fraction typically operate in this so-called "plateau" regime [10] . As flames become optically thick, however, LII signal from particles found later in the laser path can be significantly reduced. Further, dense soot clouds outside the laser sheet can block incandescence signal from reaching the detector-a phenomenon referred to as signal trapping. Compensating for these effects can be difficult and in general yield a negative impact on soot level quantification [11] . A key objective in the present work was the development of a quantitative, high-speed diagnostic that could avoid the aforementioned complexities of LII. As such, this work presents the development of a high-speed extinction imaging technique for the investigation of the temporal evolution of f v in high-pressure, high-temperature spray flames.
EXPERIMENTAL

High-Pressure Pre-Burn Vessel
The high-pressure pre-burn spray vessel used in this work has been described in detail previously [1] . Briefly, the vessel is nearly cubical with a volume of approximately 1 L and was designed to simulate the thermodynamic conditions of modern direct-injection diesel engines. The vessel is rated to safely achieve pressures as high as 350 bar at temperatures up to 1400 K. Prior to and during operation, the temperature of the entire vessel is maintained at 188 ºC by electric heaters. Spark-ignition of a combustible gas mixture rapidly elevates the pressure and temperature within the vessel. When imaging of the combustion event is desired, large (~100 mm) sapphire windows provide optical access from four sides. For the sampling studies described in the present work, a new metal window was designed to hold the customized sampling valve. Its design will be discussed in a subsequent section of this report. Following the pre-burn combustion event, the spray is injected when the desired thermodynamic conditions are achieved after a short cool-down period. The spray combustion investigated in this study used n-dodecane (C 12 H 26 ) as fuel and a common-rail diesel fuel injector equipped with a single 90-μm diameter orifice (# 370) belonging to the family of Spray A ECN injectors [12] . The injection pressure was 1500 bar and the electronic injection duration was set to 6.5 ms resulting in an 8 ms actual injection period.
High-Speed Sampling at High-Pressure
Valve selection and performance
The high-speed valve system selected for this work was manufactured by Parker Hannafin Corporation's Precision Fluidics Division (Part Number 009-0181-900). This solenoid valve has a 0.79-mm orifice and is driven by an Iota One® pulse valve controller. This system was selected because the shortest manufacturer specified valve response time was 160 µs, which met the need for a fast opening/closing valve that would complete sampling within 1.5 to 7 ms. To be certain of the sampling valve's performance, its response time was tested using a high-speed camera equipped with a long-distance microscope. A 635-nm diode laser was used to illuminate the valve orifice and poppet. Both the imaging system and the poppet motion were slightly offcamber such that the axial poppet motion could be easily tracked based on the vertical and horizontal location of the poppet tip. In Figure 1 , we present a scatter plot of the poppet position for a number of repeat experiments showing the time delay between the trigger signal and the first valve movement as well as the time between trigger to fully open.
Based on the results presented in Figure 1 , the sampling valve begins to open approximately 300 µs after the electronic trigger signal and is fully open between 400 and 500 µs after trigger. These timings are used to ensure that valve opening occurs after the quasi-steady spray flame has been established as will be discussed in more detail below. A similar analysis during valve closing showed an equivalent time period for the transition from valve fully-open to fully-closed 
High-Pressure Valve Mount and Seal
The valve described above was also selected because its radial dimension on the potential sealing surface nearly matched the dimension of existing high-temperature, high-pressure seals used on low-speed intake and exhaust valves associated with the pre-burn vessel. Because of this, the high-pressure valve mount window and sealing surfaces could be designed for use with existing parts. Photographs of the valve mount window with and without the sampling valve installed are shown in Figure 2 . 
Sampling Probe and Collection Vessel
A custom made cover and sampling probe was mounted to the face of the high-speed sampling valve. The manufacturer specified AS-568a-901 o-ring formed the seal between the valve face and sampling probe base. The sampling probe was constructed from 1.5 mm OD, 0.56 mm ID, Type 316 stainless steel tubing, which was welded to a 3 mm thick stainless steel baseplate as shown in Figure 3 . The probe length was specified to sample at the center axis of the spray flame. The exit of the sampling valve was connected to a ¼" stainless steel Swagelok® "cross" junction. One port of the "cross" junction was connected to a Convectron vacuum gauge. A second port was connected to a 500 mL stainless steel container equipped with a ¼-turn shut-off valve. A third port "cross" junction was connected to a "T" junction. One port of the "T" junction was connected to a bottle of high-purity argon, while the second port was connected to a vacuum pump. Prior to any sampling, the collection bottle and associated lines were pumped down below 25 mTorr. The sampling bottle was then filled with 50-100 Torr of high-purity argon. While the argon acts as a diluent to reduce molecular collisions, its most important role is to provide a known concentration of a species not found in the flame gases to serve as a reference in the mass spectrometry analysis. Signal intensities from the mass spectrometer are made quantitative by determining a calibration constant for the species of interest relative to a species of known concentration. The signal intensity for a given species in the ToF-MS is related to the individual species' mole fraction, its electron ionization cross section, its mass discrimination factor, and the electron flux from the ion source. In addition, there is an arbitrary instrument constant related to the design and voltage settings of the ion optics. If the ratio of the signal intensity from two species is considered, only the species specific cross sections and mass discrimination factors remain. By using a calibration gas, the ratio of these values for two species can be determined. To determine the oxygen and nitrogen concentrations in the pre-burn reactants and products, a calibration gas mixture of 20% oxygen, 20% nitrogen, and 60% argon was used. The ratio of the product of the oxygen cross section and mass discrimination factor to that of argon was determined to be 5.2 using an electron energy of 12 eV. Under these same conditions, the ratio for nitrogen to argon was determined to be 0.43. Upon increasing the electron energy to 15 eV to obtain more ion signal from nitrogen, these ratios were determined to be 35 and 0.61 for oxygen to argon and nitrogen to argon, respectively. In addition to using argon as a reference for quantitative mole fractions, calibration mixtures having different concentrations of oxygen were sampled to determine if the mass spectrometer response was linear with molar concentration.
Sampling Conditions
Three different sampling conditions were considered. The first test involved sampling the preburn reactants that contain hydrogen, acetylene, oxygen, and nitrogen. This test allowed us to confirm that oxygen and nitrogen concentrations in the pre-burn reactants meet the specified tolerances when filled manometrically. As specified previously, samples were collected only after pumping the collection vessel and associated lines down below 25 mTorr and subsequently filling the collection vessel to 50 Torr with high-purity argon. The samples were then collected by purging the vessel with the premixed reactants five times before filling the combustion vessel a sixth time to a pressure of 200 psi. The sampling valve was then activated repeatedly for 500 ms until the desired pressure was achieved in the collection vessel. The second sampling condition involved acquiring sample following the pre-burn event to quantify the oxygen and nitrogen concentrations in the pre-burn products and to determine if minor species such as NOx could be detected. As described in the introduction, the presence of NOx in the pre-burn products could impact ignition delay times. Following the aforementioned pumping and argon filling procedures, the pre-burn products were collected by activating the sampling valve for 500 ms at the timing associated with fuel injection for the Spray A condition. Because this set of experiments did not involve a spray, only the pre-burn products were collected for offline analysis. The third sampling condition involved drawing sample from within the lift-off region of the n-dodecane spray flame. A still image from a high-speed movie acquired during sampling after the flame has reached the quasi-steady period is shown in Figure 4 
High-Speed Soot Extinction Imaging
As discussed in the introduction to this work, the use of LII in optically thick flames can be challenging due to laser attenuation and signal-trapping. Moreover, high-pressure spray flames are extremely turbulent requiring high-speed diagnostics to extract time-resolved information. Presently, the cost and technical limitations of high-speed, high-power lasers and high-speed intensified cameras prohibits their wide-spread use for high-speed LII. In the present work we have developed a high-speed extinction imaging diagnostic to addresses the need for a lowercost, quantitative, high-speed soot diagnostic that can be applied to optically thick flames.
The main components of the high-speed imaging extinction setup consist of high-output, ultrafast light-emitting diodes (LEDs), a dichroic beam splitter to permit the use of two different incident wavelengths of light, engineered diffusers, a field lens, and a high-speed camera (running at 82 kfps) equipped with a dual-bandpass filter. The dual-bandpass filter was customized to transmit the wavelengths of incident light used for a specific experiment. A neutral density (ND) filter was also added to reject broadband flame luminosity. The optical density of the ND filter can be changed as needed depending on the wavelengths transmitted by the dual-bandpass filter. The diffusers have a 50 o circular pattern and the field lens is a Fresnel type with a focal length of 152 mm. The engineered diffusers in conjunction with the Fresnel lens create a large (60-mm diameter) uniformly illuminated background with minimal light intensity losses (more than 90% transmission) [13] . This light source setup directs a bundle of diffused rays toward the object plane resulting in minimal light extinction by density gradients (i.e., beam steering, schlieren effects). A schematic of the combustion vessel and optical arrangement used in this work is provided in Figure 5 . The background corrected extinction imaging measurements were converted to optical thickness, KL, using the well-known Beer-Lambert law.
In Eq. 1, I is the transmitted LED intensity, I 0 is the incident intensity, K is the dimensional extinction coefficient, and L is the path length through the soot cloud. We corrected the transmitted intensity for flame luminosity by capturing a frame between the blue and green LED pulses when only flame luminosity was present (i.e. with both LEDs turned off). For the highest ambient temperature cases (1100 and 1200 K), we observed infrequent, intermittent localized regions where flame luminosity was larger than the sum of the transmitted LED intensity and the flame luminosity in the surrounding frames. This phenomenon was attributed to the rapid spatial fluctuations in extinction and flame emission. Specifically, local regions of high extinction and high flame emission observed during the LED pulse move both downstream and stochastically during the time between two captured frames. Spatial mismatches between a region of high extinction and high flame emission can thus result in negative values for the background corrected transmitted intensity, I. We minimized these effects via a weighted temporal averaging scheme. Nevertheless, our analysis required the specification of an upper threshold limit for KL.
We assessed the uncertainty associated with this phenomenon in the higher ambient temperature cases as ±10%, which, for example, is well below the uncertainty due to variation in soot refractive index.
We derived soot volume fraction, f v , from the KL images using the following relationships based on small particle Mie theory.
In Eqs. 2 and 3, λ is the wavelength of incident light, k e is the non-dimensional extinction coefficient, α sa is the scattering-to-absorption ratio, and E(m) is the imaginary part of (m 2 -1)/(m 2 +2), in which m is the complex refractive index of soot.
We calculated the non-dimensional extinction coefficient (k e ) using Rayleigh-Debye-Gans (RDG) theory for fractal aggregates following the work of Köylü and Faeth [14, 15] . In our analysis, we specified the number of primary particles per aggregate (N p ) as 150, with a primary particle diameter (d p ) of 16 nm (Aizawa et al. [16] ; Kook and Pickett [17] ). The fractal dimension, D f , associated with the above parameters is 1.79. As noted by Shaddix et al. [18] , the RDG scattering approximation is considered to be accurate provided that D f < 2. For simplicity, the refractive index was held constant at m = 1.75-1.03i (Williams et al. [19] ) for the two wavelengths evaluated (406 nm, 17 nm FWHM and 519 nm, 34 nm FWHM) resulting in k e values of 7.76 and 7.46 for the blue and green light, respectively. The refractive index reported by Williams et al. [19] is considered more appropriate for the present work because they derived m by measuring the k e of soot particles within the flame, as opposed to prior studies that measured the k e of post-flame soot. We understand that the refractive index of soot depends on the soot morphology, primary particle size and structure, and the wavelength of incident light. A full analysis on the effects of assumed d p , N p and m on our evaluation of f v , as well as the uncertainty associated with the use of RDG theory for large m and when multiple internal scattering may be important, is beyond the scope of this work, but has been addressed in a journal publication [20] .
At the pressures and temperatures of this study, extinction due to beam steering effects could not be completely avoided. Because our diffused light source is not perfectly Lambertian, beam steering can increase local transmission if diffused ray bundles are preferentially steered toward a common image point. Conversely, extinction occurs at locations where light is steered away from the expected path. Upon time averaging, the measured extinction under non-sooting flame conditions was near zero. In the individual time-resolved images, however, extinction caused by beam steering defined our lower KL detection limit. For non-sooting cases, this lower limit was determined to be approximately 0.1. For path lengths on the order of 10 mm and a nondimensional extinction coefficient (k e ) near 8, this corresponds to a lower detection limit of about 1 ppm for f v . Based on the factors considered above, we assign a conservative uncertainty of ± 15% to the quantitative soot volume fractions presented below.
For validation of the extinction imaging technique, laser-extinction measurements were made using a 10-mW, 1-mm HeNe (632.8 nm) laser beam gated at 100 kHz by an acousto-optic modulator. The full details of this setup were described by Musculus and Pickett [21] . The HeNe laser passed through the flame axis 60 mm downstream of the injector orifice. Collection optics and components for the laser extinction measurement included a 50-mm diameter, 200-mm focal length lens to collect the laser after passing through the testing section, a 100-mm integrating sphere, a 633 nm (1 nm FWHM) bandpass filter sandwiched between a 75-mm focal length lens pair, and a photodiode. Previous work has demonstrated this system's insensitivity to extinction caused by beam-steering [21] .
RESULTS
Gas Sampling
Premixed Reactant Sampling
As described above, the premixed reactants contain hydrogen, acetylene, nitrogen, and oxygen. A mass spectrum showing the observed peaks from a representative sample of the premixed reactants is shown in Figure 6 . The electron ionization source voltage was 12 eV for this spectrum and it consists of 2 21 sweeps. A sweep refers to a single trigger event on the mass spectrometer's ion optics. Thus, the spectrum shown below represents the summation of ion signal for more than two million sweeps. At an electron energy of 12 eV, signal from hydrogen was not observed. As such, the ordinate is limited to a mass range from 24 amu to 60 amu. Hydrogen is not observed for two reasons. First, hydrogen has an ionization threshold of ~15.4 eV which is significantly higher than the setpoint of 12 eV; and, although the ion source produces electrons over a wide range of energies above and below the setpoint, the concentration of hydrogen in the premixed reactants is relatively low (0.5%) resulting in a low probability for hydrogen ionization. Second, the detection efficiency is mass dependent and is approximately a factor of 10 lower for m/z = 2 relative to m/z = 26, for example. It is also important to note that water (m/z = 18) is not observed in the spectrum. Water has an ionization threshold of 12.62 eV, thus it would be easily ionized at the current ion source energy given its broad energy distribution. The lack of water in this spectrum is an indication that the vacuum system is free from leaks (since water is present in the room air) and that the vacuum system has been pumped down sufficiently to remove residual water from internal surfaces. Thus, very little background signal for oxygen and nitrogen are anticipated. The acetylene (m/z=26), nitrogen (m/z = 28), and oxygen (m/z = 32) peaks are easily identified, while the peak at m/z = 58 is attributed to the acetone in which the acetylene supply is dissolved.
In the inset axis of Figure 6 we show three additional peaks. The peak at m/z = 25 is C 2 H, which begins to fragment from acetylene at electron energies around 16.7 eV. The peak at m/z = 27 represents the carbon-13 isotope of acetylene. The peak at m/z = 43 is assigned to C 2 H 3 O, which fragments from acetone at electron energies greater than about 10.3 eV. The presence of this fragment provides additional confirmation that m/z = 58 is indeed acetone.
Pre-burn Product Sampling
As described above, the pre-burn combustion event raises the pressure and temperature within the spray vessel to meet the thermodynamic conditions of modern direct-injection diesel engines. By changing the composition of the premixed reactants, different levels of exhaust gas recirculation (EGR) can be simulated. If a stoichiometric reactant premix is used, the resulting products should contain 0% oxygen. Such cases are used to examine non-reacting spray conditions. For example, non-reacting sprays experiments using high-speed schlieren imaging are used to measure the rate of fuel vapor penetration [22] . For the Spray A condition investigated in this work, the desired oxygen concentration remaining after the pre-burn is 15%. The other major products expected include water and CO 2 . Near the spray vessel walls and within seal crevices, the pre-burn combustion event may be quenched leaving hydrocarbon residuals that could potentially mix into the core of the vessel and influence the spray combustion event. To investigate this, gas samples were extracted through an exhaust valve near the vessel wall as well as from the core of the vessel using the sampling probe described above. A representative mass spectrum from the sampled pre-burn product gases near the vessel wall is shown in Figure 7 . The major products of combustion described above (water and CO 2 ) are easily identified at m/z = 18 and m/z = 44, respectively. Nevertheless, the spectrum clearly indicates that flame quenching near the walls results in residual acetylene along with other hydrocarbon species. A large number of unidentified peaks are observed because at the relatively high electron energy used (12 eV) for ionization many hydrocarbon species are easily fragmented. We note also that both CO and N 2 are expected at m/z = 28, since quenching of the reactions would inhibit complete oxidation of CO to CO 2 . A representative mass spectrum of the pre-burn product gases sampled from the core of the vessel, which have been diluted with argon, is shown in Figure 8 . As before, water and CO 2 are easily identified. The inert nitrogen is most likely the only species present at m/z = 28 since the stoichiometry of this mixture is fuel lean (i.e., CO is expected to completely oxidize to CO 2 ). Nevertheless, at a single electron energy it is not possible to differentiate between ion counts due to nitrogen and those potentially due to CO. Future experiments using an energy sweep or a different ion source could confirm that CO is not present in the pre-burn products. The argon-36 and argon-38 isotopes are also apparent in this spectrum. Argon-36 constitutes around 0.3% of the naturally occurring argon while argon-38 constitutes only about 0.06%. The mass peak observed at m/z = 16 is most likely attributed to an oxygen atom fragmenting from water, while the mass peak at m/z = 14 can be attributed to fragmentation of N 2 . One of the key observations from this spectrum is the lack of signal from acetylene (m/z = 26) or other hydrocarbon species. The lack of acetylene indicates that even with the small disturbance caused by the sampling probe, the combustion event in the core of the vessel proceeds to completion. Moreover, residual hydrocarbons observed in samples drawn near the walls due to quenching of the pre-burn combustion reactions are not transported into the core of the vessel and therefore are not expected to influence the spray combustion event. Lastly, nitric oxide (NO) is not observed in this spectrum; however, future work will investigate higher temperature pre-burn events in which significant thermal NOx may be formed. These future studies will investigate the effect of NO on ignition delay times. 
High-Pressure Spray Flame Sampling
As described above and demonstrated in Figure 4 , gas samples were extracted from the lift-off region of a high-pressure (60 bar) n-dodecane spray flame. A representative mass spectrum of the species sampled from the lift-off region is shown in Figure 9 . With the electron ionization source at an energy of 12 eV, it is not feasible to identify all of the peaks observed in this spectrum since some may be the result of larger species fragmenting; however, the hydrocarbon species are easily grouped based on the number of carbon atoms. Further, some of the strongest peaks in the spectrum likely correspond to the most common combustion intermediates and the most stable aromatic species.
The species that can be identified with the greatest confidence are as follows: at m/z = 42, propene (C 3 H 6 ) and ketene (C 2 H 2 O), at m/z = 54 1,3-butadiene (C 4 H 6 ), at m/z = 66 cyclopentadiene (C 5 H 6 ), at m/z = 78 benzene (C6H6), at m/z = 92 toluene (C7H8), and at m/z = 104 styrene (C8H8). At m/z = 116, indene is the most commonly anticipated species; however, several other isomers may also be present. Recent aerosol mass spectrometry experiments indicate that phenylallene as well as other propargyl-substituted phenyl-rings likely contribute to the ion signal at this mass [23] . Finally, naphthalene is typically recognized as the most thermodynamically stable species at m/z = 128. Overall, these results show promise toward a better chemical characterization of engine-relevant high-pressure spray flames. Although the present study was unable to quantify the mole fractions of the observed species, with some additional effort quantification for several species should be possible. Nevertheless, even qualitative axial profiles of combustion intermediates will be highly valuable for comparison with modeling results. Thus, efforts should be made to sample at several axial distances along the spray flame axis. Understanding the pressure dependencies that exist in the formation and growth of aromatic rings is also a valuable target for further work. By using an ion source with more tunability and improved resolution, isomers can be identified leading to a better understanding of the aromatic chemistry.
High-Speed Multi-Wavelength Extinction Imaging
Optical Thickness and Soot Volume Fraction
Temporally resolved images showing the progression of the soot optical thickness (KL) during injection at the Spay A condition are presented in Figure 10 . In these images, the fuel injector is located to the left and the flame is propagating from left to right. The KL values in this figure correspond to extinction of the blue (406 nm) LED at Spray A conditions. Under these conditions, soot is first detected at an axial location approximately 35 mm from the injector orifice less than 1 millisecond after the start of injection (ASOI). Though KL time-sequences are not shown here for the other ambient conditions studied, the axial distance from the injector orifice to the location where soot is first observed and the time to soot ASOI decrease with increasing temperature, density, and oxygen concentration. The images in Figure 10 show that a large amount of soot forms in the head of the jet as it propagates into the ambient. The soot cloud associated with the head also begins separating from the upstream soot cloud in the region between 50 and 60 mm at about 2 ms ASOI. At 2.75 ms ASOI, the head has completely separated from the upstream soot cloud. This occurs presumably due to rapid entrainment of the ambient oxidizer behind the jet head leading to a brief transient period of enhanced mixing and soot oxidation. Such phenomena were observed here under a wide range of ambient conditions, and may be important in understanding the efficacy of multiple injection strategies [24] .
The quasi-steady time period of the spray flame begins after the head of the jet passes through the camera's field of view and ends at injector closing. We determined K for use in Eq. 2 via tomographic inversion of time-and ensemble-averaged KL images from multiple identical injection events. Time-averaging was performed over the quasi-steady period of the flame (approximately 4 ms, representing more than 100 images per injection and per color). Ensemble averaging included a minimum of 5 injections for each specific experimental condition. The averaged KL images result in a relatively smooth (i.e., free from stochastic variations) and nearly axisymmetric KL field as shown in Figure 11 . Note that the results in Figure 11 only correspond to extinction of the blue LED. Results for the green LED will be discussed later. When comparing these five cases, we first observe that the maximum KL under the 1200 K ambient condition is more than one order of magnitude larger than that at an ambient temperature of 850 K. As previously mentioned, Figure 11 also shows that soot formation begins closer to the injector orifice for the higher temperature cases. In fact, at 1200 K soot seems to form outside the leftmost region of the visualization window. This was confirmed by inspection of the luminosity images. We performed the tomographic reconstruction of the KL field using an inverse Radon transform, which then returns f v after Eq. 2 has been applied. Figure 12 shows the 2-D f v field in the plane corresponding to the center of the flame axis for the 850 K -1200 K conditions at an ambient density of 22.8 kg/m 3 and ambient O 2 concentration of 15% by volume. The plane cut in the tomographic reconstruction yielding f v more clearly reveals the higher soot concentrations near the periphery of the 1100 and 1200 K cases at the flame's base. These soot "wings" as they have been called, provide further evidence that spray flames having shorter lift-off lengths have partially-premixed mixtures that are more fuel-rich [11] . An interesting feature is observed in the 1100 K and 1200 K cases at an axial position between about 35 mm and 50 mm from the injector orifice. Near 35 mm, f v appears to decrease in the central region of the flame. The phenomenon is more apparent for the 1200 K case. We suspect that this may be due to the intermittent localized regions in the 1100 K and 1200 K cases where the background luminosity was larger than that observed during the extinction image. Future work will entail increasing the LED intensity, increasing the optical density of the neutral density filter to block more flame emission, and reducing the bandwidth of the dual-bandpass filter. Increasing the number of identical injections for ensemble averaging will also provide better resolution and higher fidelity. 
Unique Results from Multi-Wavelength Extinction
A novel feature of the two-color extinction diagnostic is observed when comparing f v evaluated with blue and green incident light under a given condition. Figure 13 shows the difference between the soot volume fraction based on our analysis of green light extinction (f v,green ) and that based on our analysis of the blue light extinction (f v,blue Certainly the refractive index, m, plays an important role in the wavelength dependent differences observed in our evaluated f v . Increasing only the imaginary part of m, which is the absorption component, leads to larger k e values. Thus, the results at the 900 K ambient condition may indicate that absorption of blue light is more significant for the type of soot produced in this flame. Moving on to the 1200 K ambient condition shown in the lower panel of Figure 13 , we observe spatial variation in f v,green -f v,blue . The larger soot volume fraction corresponding to the blue incident light data nearer the injector and for the green incident light data farther from the injector is an indication of the soot maturation process. As discussed in Shaddix et al. [18] , spectrally resolved extinction measurements in sooting premixed flames performed by Millikan [25] and D'Alessio et al. [26] showed that the dispersion coefficient decreased with increasing height above the burner. The dispersion coefficient provides a measure of how much m varies with wavelength [27] . Soot having a higher dispersion coefficient was found to have a higher molar hydrogen-to-carbon (H/C) ratio. Soot precursor particles have been characterized by H/C ratios as high as 0.6, while the H/C ratio for carbonaceous soot is typically less than 0.2 [18] . In the 900 K conditions of Figure 13 , f v,green -f v,blue does not change significantly in space suggesting that the soot particles' optical properties are relatively constant. In the 1200 K conditions of Figure 13 , an abrupt transition occurs in the quantity f v,green -f v,blue near 30 mm. Based on the previous works discussed above, this transition is likely associated with a rapid decrease in the particles' H/C ratio as they transition from nascent to mature soot. Nevertheless, if multiple internal scattering by the agglomerates in these spray flames is significant, phenomena may be present that are not captured under the RDG approximation. Follow-on work will attempt to address these issues in more detail.
Ambient Temperature, Density, and Oxygen Effects on Total Soot Mass
The mass of soot within 0.1-mm radial cross-sections along the flame axis is plotted in Figure 14 for the 850-1200 K ambient temperature conditions at an ambient density of 22.8 kg/m 3 and an ambient O 2 concentration of 15% by volume. The solid curves correspond to mass computed from KL blue . The green curves correspond to soot mass computed from KL green . The total mass was calculated from KL (total soot mass is proportional to KL) using an assumed density of 1.8 g/cm 3 for soot (Choi et al. 1995) . Since the soot density was held constant, the computed soot mass is proportional to f v . Thus, any error in our evaluation of f v is replicated in the calculation of soot mass. In Figure 14 , we see an increase in the length of the region where the soot mass computed based on blue incident light is greater than that using green incident light at 1100 K when compared to the 1200 K case. This means that the region containing less mature soot is stretched out in physical space as the ambient temperature is reduced. The reverse is obviously true as ambient temperature increases. That is, we see more mature soot earlier in the flame at higher ambient temperatures. At ambient temperatures of 1000 K and below, the data indicate that most of the soot formed in the flame absorbs stronger in the blue than in the green. We also point out that at axial positions near 60 mm and beyond, the mass of soot contained in the radial cross-sections for the 1000 K, 1100 K, and 1200 K cases is nearly the same. As discussed by Pickett and Siebers (2004) , higher ambient temperatures lead to shorter lift-off lengths and larger equivalence ratios at H. Consequently, the soot mass peaks at an axial position closer to the injector, soot consumption (oxidation) begins at an earlier axial location, and soot oxidation kinetics are accelerated under higher ambient temperature conditions.
In Figure 15 , we plot the inverse of the measured lift-off lengths (1/H) along with the total soot mass in micrograms as a function of ambient temperature. The lift-off length (H) is defined as the distance from the injector orifice to the location where the quasi-steady spray flame stabilizes. The total soot mass is shown by the bar charts, while the inverse lift-off lengths are represented by the lines. Oxygen concentrations and ambient densities in the left and right panels, respectively, are distinguished by the different line styles for the inverse lift-off length and by the color of the bars for the soot mass. We observe that the inverse lift-off length is nearly linear with temperature for all ambient densities and oxygen concentrations. In the left panel, we find that the 13%, 15%, and 21% O 2 cases yield nearly the same total amount of soot at 900 K, while the 13% and 15% cases remain similar at 1000 K as well. Although the total soot data are similar at these temperatures, at 13% and 15% O 2 , significant soot persists beyond the field of view. Thus, our integration does not include all soot formed in these flames. Since the 13% O 2 flame is lifted slightly more than the 15% O 2 flame, one might expect more soot outside our field of view in the former case leading to a larger total amount of soot as observed by Idicheria and Pickett (2005) . Of all cases studied, the 13% O 2 , 22.8 kg/m 3 , 1200 K case produces the largest amount of soot within our experimental field of view. In practice, this case represents conditions with high temperature, pressure, and exhaust gas recirculation (EGR). At ambient temperatures above 900 K, the 21% O 2 case forms about half the total amount (or less) of soot as the others. Although the higher O 2 concentration reduces soot due to the higher rate of oxidation, studies have shown that higher O 2 (and the resultant higher diffusion flame temperature) can also lead to significant amounts of nitrogen oxides (Plee et al. [28] ; Ahmad and Plee [29] ; Dec [30] ).
The data in the right panel of Figure 15 show that the total soot mass increases significantly with increasing ambient density. As noted above, our field of view does not include the entire chamber. Consequently, the total soot mass evaluated for the three different density cases may be artificially low; however, this effect gets progressively worse as density is reduced and soot formation begins farther downstream. Thus, the distance between the lift-off length and the onset of soot is reduced at the higher density. At least two factors drive greater soot production at higher ambient densities. First, higher densities promote more rapid soot formation kinetics since collisions occur more frequently, and second, but of lesser importance, higher ambient densities result in more fuel-rich mixtures at the lift-off length (Pickett and Siebers [8] ). These results are consistent with prior work showing that the ambient oxygen concentration corresponding to the maximum soot yield decreases with increasing ambient density (Musculus and Pickett [31] ). 
CONCLUSIONS AND FUTURE WORK
In this work, we developed an applied intrusive sampling and non-intrusive optical diagnostics to investigate the chemical composition and soot volume fraction in high-pressure spray flames relevant to direct-injection diesel engines. The gas sampling diagnostic was used to determine the species present in the reactants and products associated with the pre-burn event in the highpressure vessel. The presence of unburned hydrocarbon species following the pre-burn event near the vessel walls or in the crevices associated with seals was confirmed. Samples extracted from the core of the vessel did not contain unburned hydrocarbons or detectable amounts of hydrocarbon species indicating that the spray combustion event occurs in a well-controlled chemical environment. Gas samples extracted from the lift-off region of the high-pressure ndodecane spray flame contained a large number of hydrocarbon species including polycyclic aromatic hydrocarbons (PAH). Gas-phase species were not quantified due to the poor performance of a vacuum gauge during sample extraction; however, successful sampling and subsequent offline analysis by mass spectrometry represents a significant step forward in our effort to provide quantitative modeling targets. The presence of single-and multiple-ring aromatic species in the lift-off region has not been observed previously and represents a qualitative modeling target on its own. That is, modelers should consider that in the correct chemical progression to soot under the Spray A conditions, one to three ringed aromatic species are observed in the lift-off region. A novel multi-wavelength imaging extinction setup was developed and applied to investigate soot formation in high-pressure spray flames. The technique uses high intensity, ultra-fast LEDs in conjunction with engineered diffusers and a field lens to produce pulsed, highly efficient diffused back-illumination. The diffused incident light greatly reduces the effects of beam steering, such that over the quasi-steady period of injection, the observed extinction due to beam steering is near zero. A relatively small amount of extinction attributed to beam steering was observed when viewing the individual time-resolved images, which defined the lower sensitivity limit of this technique for detecting soot volume fraction (~ 1 ppm). The measurements varying ambient density, temperature and oxygen concentration showed good agreement with previous works using laser extinction and/or LII measurements. We observed distinct differences between the soot volume fractions determined using the two different wavelengths of incident light. The blue light (406 nm) showed sensitivity toward the detection of younger soot particles characterized by larger hydrogen-to-carbon ratios. The green light (519 nm) showed sensitivity toward the detection of more mature soot particles characterized by smaller hydrogen-to-carbon ratios. The largest amount of total soot mass was observed under high-temperature, high-density, and low oxygen concentration conditions. These results indicate that the use of too much EGR at high temperature and pressure in diesel engines can lead to copious amounts of soot.
Future work with regard to the intrusive sampling and offline mass spectrometry will involve further efforts to quantify the major species and some of the minor species observed in the preburn reactants and within the lift-off region of the n-dodecane spray flame. In addition, measurements will be acquired at different axial locations to provide spatial profiles of major and minor species as modeling targets. Higher temperature pre-burn scenarios will also be used to increase the presence of NO in the ambient gases for an investigation into the effect of NO on ignition delay times. Future efforts on the imaging extinction diagnostic will involve optimization of the optical arrangement to yield diffused incident light with a more Lambertian profile. The diagnostic will also be applied in conjunction with LII to provide a real-time assessment of the optical thickness throughout the flame such that a more accurate correction for signal trapping can be made.
